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We report high-resolution inelastic x-ray scattering measurements of the acoustic phonons in the
single-layer cuprate Bi2Sr2−xLaxCuO6+δ. These measurements reveal anomalous broadening of the
longitudinal acoustic phonon near the ( 1
4
, 1
4
, 0) wavevector. The observed wavevector and its doping
dependence indicate the coupling of the phonons to an underlying electronic density wave state.
In addition, a comparison of the scattered intensities for x-ray energy-gain and x-ray energy-loss
suggests that both time-reversal and inversion symmetries are broken in the material. Upon cooling,
the effects of symmetry breaking are enhanced in the pseudogap state.
In the cuprate superconductors there is an intrigu-
ing interplay between different types of electronic order
which may compete and/or coexist with the supercon-
ductivity. The phase diagram displays an unusual pseu-
dogap region which exists below a temperature T ∗ and
is likely characterized by a symmetry-breaking electronic
state. A rich variety of broken-symmetries have been ob-
served in different materials, including translation [1, 2],
time-reversal [3–5], four-fold rotation [6–8], and inversion
[9]. Understanding how these broken-symmetries relate
to each other and which ones are universal is one of the
key questions under current debate.
Examples of order that break translational symmetry
are the stripe-like states of spin and charge seen with
neutron and x-ray scattering [1, 10] and the checkerboard
pattern of the local density of states seen with scanning
tunneling microscopy (STM) [11–14]. Typically, an elec-
tronic state which breaks translational symmetry should
result in a static distortion of the crystal lattice if the
electron-phonon coupling is strong enough. However,
such electronic density wave order has not been observed
in the same material by both STM and bulk scattering
probes. Possible explanations point to the surface sen-
sitivity of the STM measurements or a short correlation
length for the lattice distortion.[15] Our results clarify
this issue by showing that the lattice modulation remains
dynamic down to low temperatures. Furthermore, the
scattered intensity from the phonons indicates that the
combination of inversion (I) and time-reversal (TR) sym-
metries are broken at low temperatures.
Single crystals of the high-Tc superconductor
Bi2Sr2−xLaxCuO6+δ (Bi2201) were examined with
inelastic x-ray scattering with a high energy-resolution
of ∼ 1.5 meV to measure the phonon excitations, using
the HERIX instrument at Sector 30 of the Advanced
Photon Source at Argonne National Laboratory. Three
different compositions were studied: two samples with
Tc = 25 K and Tc = 31 K, referred to as samples La25K
and La31K, respectively, and a third, Pb-doped sample
with Tc = 33 K, referred to as LaPb33K. Details of
sample preparation are described elsewhere [16–18]. The
Pb-doping is used to suppress the well-known structural
incommensurate supermodulation with wavevector
(0,∼0.23,1) in orthorhombic notation. All three samples
are found to consist of a single structural domain.
Note that the in-plane direction of the structural
supermodulation is at 45◦ to the wavevector of the
STM checkerboard order which is near (14 ,
1
4 , 0) in
orthorhombic notation.
Figure 1(A) depicts the trajectories in reciprocal space
along which the phonons were measured. The polariza-
tion dependence of the inelastic x-ray scattering cross
section from phonons, which is proportional to ( ~Q · ~ǫ)2,
allows one to separately measure the longitudinally and
transversely polarized modes. For the La31K sample,
energy scans of the longitudinally polarized phonons
are shown in Fig. 1(B), and scans of the transversely
polarized phonons are in Fig. 1(C). A principal result
of this paper is that an anomalous broadening of the
longitudinal mode is observed for reduced wavevector
~q ≃ (0.25, 0, 25, 0), which is not observed in the trans-
verse mode. This behavior is consistent with coupling of
the lattice to an electronic density wave with character-
istic wavevector near (14 ,
1
4 , 0) as suggested by previous
STM [14] and ARPES studies [19]. Measurements on
the La25K sample reproduce this feat ure, as shown in
Fig. 1(D) and 1(E). All the data depicted in Figure 1
were taken at T = 300 K.
This acoustic phonon anomaly is qualitatively differ-
ent than the previously reported optical phonon anoma-
lies in the high-TC cuprates [2]. A broadening of opti-
cal modes is observed in several cuprates near the same
∼ (14 ,
1
4 , 0) reduced wavevector that we observe for the
acoustic phonon. While a period-four stripe state has
been often invoked to explain this feature, many of the
materials which display this optical phonon anomaly are
2FIG. 1: Acoustic phonon measurements. (A) The dashed
lines indicate the cuts near the (2, 2, 0) Bragg position along
which the phonons were measured. The longitudinal scans
correspond to (2, 2, 0)± (ξ, ξ, 0) and the transverse scans cor-
respond to (2, 2, 0) ± (−ξ, ξ, 0). The solid bars correspond
to the positions of the phonon anomaly and the open circles
correspond to the in-plane position of the incommensurate
superlattice peaks at (2, 2 ± 0.23, 1). (B) Energy scans of
the longitudinal acoustic phonon for the La31K sample. (C)
Energy scans of the transverse acoustic phonon for the same
sample. The lines denote fits to a damped harmonic oscillator
response function as described in the text. (D) Longitudinal
acoustic phonon data for the La25K sample, and (E) trans-
verse acoustic phonon data, plotted as an intensity contour
map where the background-subtracted intensity is normalized
to the peak intensity for each energy scans.
not known to contain static stripe order. The energy
of the acoustic mode that we measure is about an or-
der of magnitude smaller than that of the optical mode
anomaly previously observed in Bi2201 [21]. And corre-
spondingly, the relative broadening of the acoustic mode
is significantly stronger (by about a factor of 3).
The scattered intensity from the acoustic phonon is
proportional to the dynamic structure factor S( ~Q, ω),
which was fit to a damped harmonic oscillator response
function convoluted with the instrumental resolution.
The energy resolution function was determined by fit-
ting the elastic signal to a pseudo-Voight lineshape. A
two-dimensional convolution was performed over the mo-
mentum component along the scan direction and the en-
ergy. A small background was included, which involves
a constant term plus another term arising from inelas-
tic scattering processes from the sample which is flat in
energy but constrained to follow detailed balance. We
extracted values for the undamped phonon frequency
ω◦ and the damping parameter Γ (proportional to the
phonon’s linewidth in energy), and the results are shown
in Fig. 2(A) and (B) for the longitudinal mode, and in
Fig. 2(C) and (D) for the transverse mode. There is a
clear anomaly in the linewidth of the longitudinal mode
of both samples which is peaked at a wavevector around
(0.25, 0.25, 0). This anomaly does not occur in the
transverse mode, as previously noted. Since the longi-
FIG. 2: The phonon frequency ω◦ and linewidth Γ which
results from fits as described in the text. (A)&(B) the longi-
tudinal modes in La31K and La25K, (C)&(D) the transverse
modes in La31K and La25K, (E)&(F) the longitudinal mode
in PbLa33K. The anomalously large linewidth for the lon-
gitudinal modes in panel (B) is not seen in the transverse
modes of the same samples nor in the longitudinal mode of
the Pb-doped sample.
tudinal polarization corresponds to deformations of the
bond lengths while the transverse polarization does not
strongly change bond lengths, the former should be much
more strongly coupled to any density wave state.
Interestingly, the anomaly is absent in the sample
doped with Pb, as shown in Fig. 2(E) and 2(F). The rea-
son why the phonon anomaly is observed only in samples
without Pb-doping is not completely clear. A possible
explanation is that the presence of the structural super-
modulation enhances the electron-phonon coupling. Ra-
man measurements of high energy optical phonons in the
related Bi2212 superconductor indicate that Pb-doping
narrows the optical phonon, which is interpreted as re-
sulting from a reduced electron-phonon coupling due to
suppression of the supermodulation [22]. In fact, an in-
crease in electron-phonon interaction due to the presence
of an incommensurate modulation have been reported in
a prototypical CDW system [23]. In our study, the de-
pendence on Pb-doping suggests that the coupling of the
lattice to the electronic order is particularly sensitive to
the details of the crystal structure. Note that the STM
measurements see the underlying electronic density wave
irrespective of Pb-doping [14, 24].
In Fig. 3, the fitted intensity of the phonon at zero
energy transfer, S( ~Q, ω = 0), is shown. Direct mea-
surement of the elastic scattering does not reveal a clear
peak as a function of ~Q due to the strong elastic back-
ground which dominates the signal. Here, by measuring
the phonon spectra away from ω = 0, the extension of
spectral weight from the strongly damped phonon to zero
3FIG. 3: Sample dependence of the characteristic wavevector of
the phonon anomaly. S( ~Q, ω = 0), the scattered intensity at
zero energy, is compared with the Fourier-transformed STM
amplitudes for samples with comparable doping levels [14].
energy can be deduced. This intensity is quite different
than having a sharp peak centered at ω = 0, such as
a Bragg peak or a central peak. Based on the widths
of the peaks, we estimate that the “correlation length”
of the phonon anomaly is roughly 20 A˚ within a finite-
size domain model. Also shown in Fig. 3 is the doping-
dependent shift seen in the Fourier-transformed STM
amplitude which measures the local density of states[14].
While the magnitude of the wavevector seen with x-rays
is slightly larger than that seen with STM, the doping
dependent shifts are nearly identical. We note that addi-
tional longitudinal phonon modes along the b∗ direction
have been observed in Bi2201 which arise from the in-
commensurate superstructure.[20] The observed doping
dependence of the anomaly, as well as the fact that only
the longitudinal mode is broadened, argues that such ad-
ditional modes do not explain the anomaly that we ob-
serve.
The phonon data presented so far were taken above T ∗
for both samples (T ∗ ≈ 250 K for La25K and T ∗ ≈ 150 K
for La31K [17]), and presumably reflect the effects of
coupling to fluctuations of the electronic density wave.
Such coupling to dynamic degrees of freedom is remi-
niscent of the soft phonon behavior in the spin-Peierls
compound TiOCl, where the phonons are strongly broad-
ened well above the transition temperature [26]. How-
ever, in contrast to a conventional soft phonon transition,
the frequency and linewidth of the longitudinal phonons
in Bi2201 do not significantly change upon cooling to
T = 100 K, as shown in Fig. 4(A,B). Also, neither a
Bragg peak nor a central peak appears upon cooling to
T = 5 K, indicating the absence of any static lattice dis-
tortion at the anomaly wavevector.
There is, however, an intriguing effect observed in the
intensity of the phonons at low temperatures. At the
wavevector ~Q = (2.25, 2.25, 0) at T = 100 K, there is a
deviation of the intensity from conventional expectations.
For a system in thermal equilibrium, the fundamental
principle of detailed balance requires that S(− ~Q,−ω) =
exp(− ~ω
kBT
) S( ~Q, ω). If the system obeys the relation
FIG. 4: The intensity deviation from the conventional expec-
tations of detailed balance. Energy scans of the longitudinal
acoustic phonons in La31K at ~Q = (2, 2, 0) + (ξ, ξ, 0) at tem-
peratures T = 300 K and T = 100 K for (A) ξ = 0.15 and (B)
ξ = 0.25. The solid lines denote fits which reflect detailed bal-
ance in the presence of inversion symmetry or time-reversal
symmetry. For the ξ = 0.25 phonon mode at T = 100 K, the
asymmetric deviation from the line indicates that both I and
TR symmetries are broken. (C) The asymmetry ratio A( ~Q)
at ~Q = (2.25, 2.25, 0) as a function of temperature. Inset:
A( ~Q) at T = 300 K (red) and 100 K (blue). The data show a
clear enhancement of the asymmetry upon cooling.
S(− ~Q, ω) = S( ~Q, ω), then the intensity balance holds
for an energy scan at fixed ~Q. This relation can only
be violated if both inversion (I) and time-reversal (TR)
symmetries are broken in the system [27, 28]. The solid
lines in Fig. 4(A,B) denote fits in which either I or TR
symmetry is preserved. There is a statistically significant
asymmetry in the intensity for the low temperature data
at ~Q = (2.25, 2.25, 0), where the negative energy transfer
data fall above the line (and vice versa for positive en-
ergy transfers). This effect is not simply related to the
crystal structure having a non-centrosymmetric unit cell
since TR must also be broken (additionally, the literature
reports both centrosymmetric and non-centrosymmetric
unit cells for Bi2201 [29, 30]). This asymmetry of the
intensity has a clear temperature dependence between
T = 300 K and T = 100 K (which spans T ∗ ≈ 150 K),
4showing that the broken symmetries are enhanced in the
pseudogap phase. In addition, the symmetries are not
broken uniformly for all wavevectors, as the phonon at
~Q = (2.15, 2.15, 0) does not show the same magnitude of
asymmetry. This suggests that the broken I and TR sym-
metries are related to the electronic density wave state.
For example, a density wave state which is neither site-
centered nor bond-centered would break inversion sym-
metry. Additional orderings which would also break TR
symmetry include circulating currents [31] and incom-
mensurate spin density waves [32].
In order to better quantify the asymmetry, we exam-
ine the following asymmetry ratio A( ~Q) =
χ′′+(
~Q)−χ′′
−
(~Q)
χ′′
+
(~Q)+χ′′
−
(~Q)
,
where χ′′±(
~Q) denotes the magnitude of the imaginary
susceptibility for the longitudinal acoustic phonon for
± energy transfers, computed using the following proce-
dure. The raw data for each energy scan is background-
corrected by subtracting a fitted pseudo-Voight elastic
component and a small background component, as dis-
cussed previously. The same background parameters
were used at all temperatures. After dividing by the
appropriate thermal factor, the data represent the imag-
inary susceptibility via the fluctuation-dissipation theo-
rem. An energy integration was performed by summing
the data from −3 meV to −10 meV to obtain χ′′−( ~Q) and
from 3 meV to 10 meV to obtain χ′′+( ~Q). Here, we rep-
resent χ′′±(
~Q) by their magnitudes. We note that modest
changes to the integration range (within a couple meV)
do not significantly affect the magnitude of A( ~Q), nor do
minor changes to the background parameters.
Assuming that the principle of detailed balance holds
(which is the case if the scattering lengths are real, as in
the Thomson x-ray cross-section), then a nonzero value
of A( ~Q) can occur if and only if both I and TR sym-
metries are broken. As shown in Fig. 4(C), this ra-
tio clearly deviates from zero at low temperature for
~Q = (2.25, 2.25, 0). In fact, A( ~Q) appears to be nonzero
even at T = 300 K, and it significantly increases upon
cooling below T ∗ ≃ 150 K into the pseudogap state. As
shown in the inset in Fig. 4(C), the asymmetry is most
clearly apparent at the reduced wavevector (0.25, 0.25, 0).
The combination of our observations with other mea-
surements in the literature reveals an intriguing pic-
ture for the electronic state below T ∗ in the pseudogap
phase. Recent studies of Bi2201 using ARPES and op-
tical techniques show that a phase transition occurs be-
low T ∗ ≃ 130 K to a symmetry-breaking electronic state
[33]. Our results indicate that I and TR symmetries are
at least two of the symmetries broken at low tempera-
tures. The lattice modulation remains slowly fluctuating
above and below T ∗, so it is not clear from our measure-
ments whether translational symmetry is spontaneously
broken at T ∗. The conclusion of broken TR symmetry
is consistent with previous Kerr rotation observations in
Bi2201[33], and recent calculations suggest that I sym-
metry may be broken as well[34]. In our x-ray results,
the broken symmetries are most clearly observed at the
wavevector of the anomalous phonon, although it seems
likely that inversion symmetry is broken for the average
unit cell as well. While the lattice is probably only weakly
coupled to the underlying electronic state, measurements
of the low energy phonons, nonetheless, provide an un-
expectedly valuable probe of the symmetries within the
pseudogap phase.
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